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Background: This study aimed to generate targeted folic acid-conjugated, doxorubicin-loaded, 
magnetic iron oxide bovine serum albumin nanospheres (FA-DOX-BSA MNPs) that lower the 
side effects and improve the therapeutic effect of antitumor drugs when combined with hyper- 
thermia and targeting therapy. A new nanodrug using magnetic nanospheres for heating and 
addition of the folate receptor with cancer cell specificity was prepared. The characteristics of 
these nanospheres and their antitumor effects in nasopharyngeal carcinoma were explored. 
Methods: FA-DOX-BSA MNPs comprising encapsulated magnetic iron oxide nanopar- 
ticles were prepared using a desolvation cross-linking method. Activated folic acid (N- 
hydroxysuccinimide ester of folic acid) was conjugated to the surface of albumin nanospheres 
via amino groups. 

Results: Folic acid was successfully expressed on the surface of the nanospheres. Electron 
microscopy revealed that the FA-DOX-BSA MNPs were nearly spherical and uniform in size, 
with an average diameter of 180 nm. The nanomaterial could deliver doxorubicin at clinically 
relevant doses with an entrapment efficiency of 80%. An increasing temperature test revealed 
that incorporation of magnetic iron oxide into nanospheres could achieve a satisfactory heat 
treatment temperature at a significantly lower dose when placed in a high-frequency alternating 
magnetic field. FA-DOX-BSA MNPs showed greater inhibition of tumors than in the absence 
of folic acid in vitro and in vivo. Compared with chemotherapy alone, hyperthermia combined 
with chemotherapy was more effective against tumor cells. 

Conclusion: Folic acid-conjugated bovine serum albumin nanospheres composed of mixed 
doxorubicin and magnetic iron oxide cores can enable controlled and targeted delivery of 
anticancer drugs and may offer a promising alternative to targeted doxorubicin therapy for 
nasopharyngeal carcinoma. 

Keywords: doxorubicin, bovine serum albumin, folic acid, KB cells 

Introduction 

Nasopharyngeal carcinoma (NPC) is a common cancer and has a relatively high inci- 
dence in southern China, Southeast Asia, and North Africa. 1 Annually, approximately 
80,000 new cases of oral cancer are reported worldwide. Death will occur in more than 
60% of these cases. 2 NPC is an Epstein-Barr virus-related cancer, in which radiation 
and chemotherapy demonstrate antitumor effects but cause injury to normal tissue 
cells to varying degrees, leading to a poor prognosis and high mortality after treat- 
ment. Despite improvement in the clinical cure rate for early-stage NPC, multidrug 
resistance and side effects encountered in advanced or intracranially recurrent NPC 
remain issues to be addressed. Thus, identifying more aggressive treatment strategies 
for NPC would be beneficial. 
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Chemotherapy has long been used in the treatment of 
many cancers. Doxorubicin, an anthracycline antibiotic, is 
an effective chemotherapeutic agent in numerous types of 
tumor, including solid malignancies, acute leukemias, and 
malignant lymphoma. 3 However, its use has been limited by 
concomitant dose-related and irreversible cardiotoxicity, as 
well as the emergence of drug resistance. 4 Damage to non- 
targeted tissues often stymies cancer therapy by limiting the 
doxorubicin dosage. 5 The underlying causes of drug resis- 
tance remain unknown, so it is important to establish delivery 
systems to minimize doxorubicin-induced toxicity while 
obtaining maximum anticancer efficacy. The framework used 
in drug nanocarrier systems comprises mainly two materi- 
als, ie, natural and synthetic polymers. Natural polymers, 
particularly albumin with its unique physical and chemical 
attributes, are versatile protein carriers for drug targeting and 
improving the pharmacokinetic profiles of peptide-based or 
protein-based drugs. 6 The particle size of serum albumin 
is at the nanoscale to mesoscale level. Additionally, serum 
albumin is a polymer consisting of amino acids linked by 
peptide bonds, which facilitates the embedding and loading 
of drugs. Carriage of drugs by serum albumin improves their 
biodegradability and stability, and enables slow release and 
uptake by the tumor and inflamed tissue. 7 Furthermore, its 
numerous lysine residues facilitate chemical coupling and 
modification of bovine serum albumin. These characteristics 
suggest that this protein can transport therapeutic drugs. 
Therefore, we prepared doxorubicin-loaded serum albumin 
nanoparticles to enhance the antitumor effects by using serum 
albumin as drug carrier. 

Nanotechnology is attracting great attention worldwide 
in biomedicine. Targeted therapy based on drug nanocarrier 
systems enhances the treatment of tumors and enables the 
development of targeted drug delivery systems. Compared 
with nontargeted drug delivery systems, targeted systems not 
only increase therapeutic efficacy and reduce the side effects 
of antitumor drugs but also enhance targeting and tissue 
absorption. Receptor-ligand interactions represent the most 
important method of targeting antitumor drugs to living cells. 
The focus has been on identifying highly specific receptors 
in the membranes of tumor cells that demonstrate a signifi- 
cantly different drug uptake ability compared with nontarget 
tissues. The folic receptor, also known as folic acid-binding 
protein, is expressed at a low level in normal cells, but is 
overexpressed during cellular activation and proliferation, 
particularly in human tumors such as NPC, ovarian cancer, 
and gliomas. Consequently, the folic receptor is a promising 
target ligand for cancer treatment. Folic acid is essential for 
the maintenance of cell functions. Binding of folic acid to the 



folic receptor results in receptor-mediated endocytosis and 
internalization. The functionalized polylactide-co-glycolide- 
polyethylene glycol-folic acid nanoparticles containing anti- 
cancer drugs developed by Saxena et al showed a two-fold 
increase in cytotoxicity and considerably higher intracellular 
uptake of folic-targeted nanoparticles compared with free 
drug or nontargeted nanoparticles in MCF-7 human breast 
cancer cells. 8 Further, Lee et al prepared folic acid/secondary 
lymphoid tissue chemokine (CCL21)/upconversion fluores- 
cent nanoparticle conjugates that can target folic receptor- 
expressing tumor cells and successfully attract immune 
cells. 9 Other ligands, such as antibodies and hormones, 
are transported to lysosomes and cleared. 1011 Together, the 
above data suggest that folic acid may be a good ligand for 
targeting of tumors. 

Heat treatment is an ancient and promising method 
for treating tumors and was first used in 5,000 BC by the 
ancient Egyptians to treat breast cancer. 12 Heating tissues 
to 41°C-45°C to achieve the therapeutic aim was known 
as green therapy. The combination of chemotherapy or 
radiotherapy with heat not only enables a decreased dose of 
chemotherapy or radiotherapy to be applied, thus reducing 
side effects, but also can improve therapeutic efficacy by 
enhancing the killing of tumor cells. Pelicci et al evaluated 
the antitumor effect of heat in combination with radiotherapy. 
The combination of increased temperature at the tumor 
site generated by laser treatment of intravenously injected 
gold nanoshells and ionizing radiation enhanced both the 
radiosensitivity of cancer stem cells and the tumor response. 
The results suggested that heating is a potent radiation sen- 
sitizer if provided appropriately. 13 The drawbacks of heat 
treatment include the possibility of failure to deliver and 
monitor the temperature in deep-seated tumors or use of an 
inefficient traditional-type heater that has long been out of 
use. Magnetic-targeted heat treatment, initially proposed by 
Gilchrist et al has promoted heat treatment for tumors because 
it can precisely deliver heat to the target. 14 The benefits of 
using magnetic nanomaterials for tumor heating are that 
they can enter tumor tissue either alone or as conjugates 
with small molecules, or be included in bulky cargos such 
as liposomes or proteins. 1517 The temperature of the tissue 
can be effectively controlled by an external magnetic field; 
therefore, no thermal damage to nontarget zones occurs. 
Magnetic nanoparticles, particularly magnetic fluids, are 
a new heating technology for the treatment of tumors and 
were first reported by Jordan et al in 1997. 18 Magnetic fluids 
are nanostructured materials with magnetic properties. Iron 
oxide (Fe 3 0 4 ) displays considerable magnetism, catalysis, and 
wave absorption properties, making it the most commonly 
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used magnetic fluid for tumor hyperthermia. 19,20 However, 
Fe 3 0 4 has a short half-life and no specific tumor- targeting 
effect because it is readily taken up by reticuloendothelial 
cells and removed by macrophages. We have designed bovine 
serum albumin nanospheres containing folic acid-conjugated 
Fe 3 0 4 to improve the pharmacokinetic profile and targeting 
effect, due to the long half-life of albumin in the body and 
binding of folic acid to the folic receptor. 

In the present study, we used bovine serum albumin 
nanospheres containing Fe 3 0 4 and doxorubicin conjugated 
to folic acid (FA-DOX-BSA MNPs). We compared the 
ability of various FA-DOX-BSA MNPs to inhibit tumors, 
including doxorubicin-loaded bovine serum albumin nano- 
spheres (DOX-BSA NPs), magnetic bovine serum albumin 
nanospheres (BSA MNPs), doxorubicin-loaded magnetic 
bovine serum albumin nanospheres (DOX-BSA MNPs), 
and FA-DOX-BSA MNPs in vivo and in vitro, to investigate 
whether targeted delivery is effective for NPC therapy. The 
tumor- targeting efficacy of FA-DOX-BSA MNPs in vitro 
and in vivo has been confirmed by our laboratory. 21 

Materials and methods 

Materials 

Bovine serum albumin, 3-(4,5-dimethyl-2-thiazyl)-2, 
5-diphenyl-2H-tetrazolium bromide (MTT), dimethyl sul- 
foxide, phosphate-buffered saline (pH 7.4), N-dicyclohex- 
ylcarbodiimide, dicyclohexylurea, N-hydroxysuccinimide 
(NHS), and doxorubicin hydrochloride were purchased from 
Sigma- Aldrich (St Louis, MO, USA). Ammonium ferric 
sulfate dodecahydrate, hydroxylamine hydrochloride, 1,10- 
phenanthroline, and sodium acetate were purchased from 
JiangLai Biological (Shanghai, People's Republic of China). 
All solvents were of high-performance liquid chromatogra- 
phy grade. An Annexin V- fluorescein isothiocyanate (FITC) 
apoptosis detection kit was supplied by Beyotime Institute 
of Biotechnology (Shanghai, People's Republic of China). 
Fe 3 0 4 was prepared as described by Li et al. 22 All reagents 
were of analytical grade. 

Synthesis of targeting FA-DOX-BSA 
MNPs 

DOX-BSA MNPs were firstly prepared using a desolvation 
cross-linking technique. Briefly, bovine serum albumin 
(0.25 g), Fe 3 0 4 (0.05 g), and doxorubicin (0.01 mg) were 
dissolved in 20 mL of deionized water. The pH was adjusted 
to 8.0 after thorough mixing. Absolute alcohol (150 mL) 
was added to the solution, followed by stirring at room 
temperature for 1-2 hours until a precipitate appeared. 
Next, 0.25% glutaraldehyde (50 |lL) solution was added 



to cross-link the amino groups in the nanoparticles. This 
process was performed during stirring for 12 hours. Finally, 
the mixture was centrifuged at 1,500 rpm for 5 minutes to 
remove nonencapsulated Fe 3 0 4 , and then at 21,000 rpm for 
30 minutes to remove nonencapsulated doxorubicin, followed 
by washing three times with deionized water. The solution 
was redispersed in 3.0 mL of purified water. 

The NHS ester of folic acid (folic-NHS) was prepared as 
follows. Folic acid (0.5 g) was dissolved in dimethyl sulfox- 
ide (10 mL), to which was added triethylamine (0.25 mL). 
N-dicyclohexylcarbodiimide (4.8 g) and NHS (2.6 g) 
were added to the folic acid-dimethyl sulfoxide solution 
while stirring. The reaction was continued at room tempera- 
ture overnight. Dicyclohexyl urea, which is the byproduct of 
the synthesis of folic-NHS, was removed by filtering. After 
these steps, we obtained folic-NHS. 

FA-DOX-BSA MNPs was prepared by conjugating 
DOX-BSA MNPs with folic acid via amino groups. NaC0 3 / 
NaHC0 3 buffer (pH 1 1.5) was added to a solution of DOX- 
BSA MNPs (3 mL) to adjust the pH to 10.0. The dimethyl 
sulfoxide solution of folic-NHS (1 mL) was added to the solu- 
tion, followed by stirring at room temperature for 2 hours. The 
reactants were placed in a dialysis bag (3,500 Da) to remove 
the dimethyl sulfoxide. A Sephadex G-50 column was used to 
separate the FA-DOX-BSA MNPs from unreacted folic acid 
and other byproducts. The eluent containing FA-DOX-BSA 
MNPs was centrifuged at 21,000 rpm for 30 minutes and the 
pellets were redispersed in 4.0 mL of purified water. 

Characterization of targeted 
FA-DOX-BSA MNPs 

Assessment of morphology by transmission electron 
microscopy 

The FA-DOX-BSA MNP sample was redispersed in an ultra- 
sonication bath for 1 5 minutes and then dripped onto a copper 
net with carbon support film to prepare for visualization using 
a transmission electron microscope (Hitachi, Tokyo, Japan). 

Dynamic light scattering analysis 

The particle size and size distribution of the FA-DOX- 
BSA MNPs were assessed by dynamic light scattering 
(Brookhaven Instruments Co, Holtsville, NY, USA). To 
assess the stability of the nanoparticles, the hydrodynamic 
size of the nanoparticles in phosphate-buffered saline or 
Roswell Park Memorial Institute (RPMI) 1640 medium 
supplemented with 10% fetal bovine serum was analyzed 
by dynamic light scattering within 24 hours. Particle size 
was measured for 1 8 days with storage at 4°C and ambient 
humidity. 
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Iron content, specific absorption rate, 
and increasing temperature tests 

Iron content was measured using 1,10-phenanthroline spec- 
trophotometry based on the principle that 1 , 1 0-phenanthroline 
generates stable color complexes in aqueous solution at 
pH 2-9. The steps were as follows. First, 5 jiL of FA-DOX- 
BSA MNP solution was brought up to 1 mL with 1 M 
HC1 and blended in an ultrasonication bath. Second, 10% 
hydroxy lamine hydrochloride (1 mL), 0.1% phenanthroline 
solution (2 mL), acetic acid, and sodium acetate buffer 
(pH 5, 5 mL) were added, and the solution was brought up to 
50 mL with ultrapure water. A standard solution was prepared 
by dissolving an accurately measured quantity of FeCl 3 -6H 2 0 
according to the second step. The different optical density 
(OD) values were detected by ultraviolet spectrophotometry 
(DU 800, Beckman Coulter, Brea, CA, USA) at 510 nm. 
A standard curve was constructed using the iron content of 
the standard solution (mg) as the abscissa and the OD value as 
the y coordinate. The regression equation of the iron content 
and the OD value was also derivative. The iron concentra- 
tion in the sample solution was determined from the standard 
regression equations. The sample was diluted proportionally 
in ultrapure water to the appropriate concentrations. Next, 
the solution was placed in a flat-bottomed test tube on an 
SPG-06A high-frequency induction heater from Shenzhen, 
People's Republic of China (f =200 kHz; I =20 A) for 
60 minutes. The distance between the bottom of the tube 
and center of the heating coil of the alternating magnetic 
field was 0.5 cm. The temperature was tested using a digital 
thermometer at 5 -minute intervals. The specific absorption 
rate (SAR) values for Fe 3 0 4 and FA-DOX/BSA MNPs were 
calculated using the following formula: 

SAR = C^, 
dt m 

m 

where C is the specific heat capacity of the suspension, dT/dt 
is the initial slope of temperature versus time graph, m s is the 
mass of the suspension, and m m is the mass of the magnetic 
material in the suspension. 

Drug encapsulation, loading, and cumulative 
drug release 

Drug encapsulation efficiency was measured using an ultra- 
violet-visible near- infrared spectrophotometer (UV-3600; 
Shimadzu, Tokyo, Japan). First, 1 mL of FA-DOX-BSA 
MNPs was dispersed into 9 mL of 0.5% pepsin aqueous solu- 
tion and digested for 3 hours at 37°C. The supernatant was 
collected after centrifuging for 30 minutes at 2 1 ,000 rpm and 



detected at 480 nm using ultraviolet spectrophotometry. Drug 
encapsulation efficiency was calculated as follows: (actual 
amount of drug encapsulated in MNPs)/(initial amount of 
drug used in the fabrication of MNPs) xl00%. Drug loading 
was calculated as follows: (actual amount of drug encapsu- 
lated in MNPs)/(amount of MNPs) xl00%. Doxorubicin 
release from the nanoparticles in phosphate-buffered saline 
with three different pH values (pH 5.4, 7.4, and 9.0) at 37°C 
was evaluated using the dynamic dialysis method. A sample 
(15 mL) was placed in a dialysis bag (molecular weight cutoff 
3,500 Da), which was then immersed in a 50 mL centrifuge 
tube containing 30 mL of phosphate-buffered saline. The 
tube was placed in a horizontal shaking incubator (Shanghai, 
People's Republic of China) at 37°C and 1 10 rpm. A 5 mL 
sample was removed from the centrifuge tube and replaced 
with 5 mL of fresh buffer at regular time intervals. Doxoru- 
bicin release from the nanoparticles in phosphate-buffered 
saline (pH 7.4) at 43 °C was also evaluated using the same 
methods. The doxorubicin concentration in each sample was 
quantified by ultraviolet spectrophotometry at 480 nm. The 
cumulative release rate, Q (%), was calculated as follows: 

Q (%) = Ci W + CnV/WxDxl 00% 

where Ci and Cn are the drug concentration in released 
mediators, Vi is the volume of mediator removed, V is 
the total amount of leaching mediator, and W and D are the 
weight of the microspheres and drug concentration in the 
microspheres, respectively. 

Surface functional groups 

An ultraviolet- visible near-infrared spectrophotometer was 
used to determine whether folic acid was conjugated to the 
DOX-BSA MNPs. 

Toxicity assessment 

As we know, folic acid is essential for the maintenance of cell 
functions, bovine serum albumin has good biodegradability, 
and both are nontoxic to normal cells. Our laboratory has been 
studying the applications of Fe 3 0 4 for a long time. It shows good 
biocompatibility, which has been proven by Chen et al. 23 So the 
folic acid conjugated MNPs also have good biodegradability. 

Antitumor effects of FA-DOX-BSA 
MNPs in vitro 

Cell culture 

NPC KB cells were obtained from the Shanghai Institute of 
Cell Biology (Shanghai, People's Republic of China) and 
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cultured in folic acid- free RPMI 1640 medium (Gibco, Grand 
Island, NY, USA) supplemented with 10% fetal bovine serum 
(Shanghai, People's Republic of China), 100 U/mL penicil- 
lin, and 100 mg/mL streptomycin. Cells were maintained at 
37°C with 5% C0 2 in a humidified incubator. 

MTT 

The antitumor effect of FA-DOX-BSA MNPs on KB cells 
was measured by MTT assay. KB cells were seeded in 
96-well tissue culture plates at a density of 5xl0 4 per well 
and cultured in folic acid-free RPMI 1640 medium for 
24 hours. Subsequently, the cells were divided into the fol- 
lowing groups: (1) a negative control group (folic acid- free 
RPMI 1640 medium containing 10% fetal calf serum); (2) a 
DOX-BSA NP group; (3) a DOX-BSA MNP group with no 
heating; (4) a FA-DOX-BSA MNP group with no heating; 
(5) a BSA MNP group with heating; (6) a DOX-BSA MNP 
group with heating; (7) a FA-DOX-BSA MNP group with 
heating; (8) a negative control group with heating (folic acid- 
free RPMI 1640 medium containing 10% fetal calf serum); 
and (9) a BSA MNP group with no heating. Groups 5, 6, 7, 
and 8 were placed on the heating coil of a high-frequency 
induction heater (f =200 kHz; I =20 A) for 60 minutes. After 
incubation for 48 hours, MTT solution (20 |lL) was added to 
all groups, followed by incubation at 37°C for 4 hours. Next, 
dimethyl sulfoxide (200 |lL) was added, and the solution was 
mixed until the precipitate dissolved. The 96-well plate was 
read at 590 nm using a spectrophotometer (Bio-Tek, Winooski, 
VT, USA). The cell growth inhibition rate (IR) was calculated 
using the following formula: IR = (1- the experimental group 
OD/the negative control group OD) xl00%. 

Apoptosis assay 

The apoptosis rate was determined by flow cytometry. 
The KB cells were divided into nine groups and treated as 
described above. The cells were then collected into tubes and 
washed with phosphate-buffered saline. Annexin V-FITC 
(5 |lL) and propidium iodide (5 |lL) were added to the tubes, 
followed by incubation at 25°C for 10 minutes in the dark. 
The effect of FA-DOX-BSA MNPs on the apoptosis rate 
was evaluated using flow cytometry (FACSCalibur; Becton 
Dickinson, Mountain View, CA, USA). All experiments were 
performed in triplicate. 

Antitumor effect of FA-DOX-BSA MNPs in vivo 

BALB/C nude mice (male, aged 5 weeks) were purchased 
from the Shanghai Institute of Biological Sciences, Chinese 
Academy of Sciences (Shanghai, People's Republic of 



China). Xenograft tumors were induced by subcutaneous 
injection of KB cells under the right leg. After 2 weeks, 
the mice were divided into five groups of six mice each as 
follows: a negative control group (folic acid- free RPMI 
medium containing 10% fetal calf serum); a DOX-BSA NP 
group; a BSA MNP group with heating; a FA-DOX-BSA 
MNP group with no heating; and a FA-DOX-BSA MNP 
group with heating. The mice had been injected intraperi- 
toneally with sodium pentobarbital (50 mg/kg) beforehand. 
Next, all solutions were directly injected into the tumors 
at the 3, 6, 9, and 12 o'clock positions, at a volume equal 
to half of the tumor volume. After 24 hours, all of the 
groups were placed on a high-frequency induction heater 
(f =200 kHz; I =20 A) for 60 minutes every other day. The 
maximal temperature of the rectal tissue did not exceed 
40°C, and the maximal temperature of the tumor core was 
maintained at 50°C. The tumor volume was calculated as 
follows: (long diameter x short diameter 2 )/2. The rate of 
inhibition of tumor volume was calculated as (1- volume 
of experimental group/volume of control groups) xl00%. 
Six days later, all of the mice were euthanized, and then 
weighed and sectioned with hematoxylin-eosin staining. 
The rate of inhibition of tumor weight was calculated as 
follows: (1- weight of experimental group/weight of control 
groups) xl00%. 

Statistical analysis 

Values are shown as the mean ± standard deviation. The 
data were analyzed with Statistical Package for the Social 
Sciences version 16.0 software (SPSS Inc., Chicago, IL, 
USA). A P- value of <0.05 was considered to be statisti- 
cally significant. 

Results and discussion 

Characterization of targeted 
FA-DOX-BSA MNPs 

Assessment of morphology by transmission electron 
microscopy 

DOX-BSA MNPs was prepared using a desolvation cross- 
linking method with ethanol as the desolvating agent and 
0.25% glutaraldehyde as the cross-linking agent. During the 
desolvation process, the pH was adjusted to 8.0 after bovine 
serum albumin, Fe 3 0 4 , and doxorubicin were dissolved in 
deionized water because pH is important for maintenance 
of the structure and characteristics of albumin, which has 
the ability to undergo a major reversible conformational 
isomerization with changes in pH. Foster classified the pH- 
dependent forms of albumin as N, B, F, E, and A. 24 25 When 
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Figure I Morphology of nanoparticles by transmission electron microscopy. 

Note: The particles were approximately round in shape and their size was about 100 nm in diameter. Fe 3 0 4 could be seen in the particles with a hydrodynamic size of 20 nm. 



pH >8, the structure of albumin is F and the albumin mole- 
cule expands by dissociation of the C-terminal half. Albumin 
at F has an increased viscosity and decreased dissolvability, 26 
which aids its formation into nanospheres. Transmission elec- 
tron microscopy (Figure 1) showed FA-DOX-BSA MNPs 
to be approximately round in shape, and this has also been 
demonstrated by Ak et al 27 and Shen et al. 28 The particles 
were uniform in size. Moreover, an Fe 3 0 4 area in the particle 
center could be seen in all particles. Its hydrodynamic size 
was about 20 nm. 



Dynamic light scattering analysis 

Nanoparticle size and size distribution as measured by 
dynamic light scattering is shown in Figure 2A. The size 
of FA-DOX-BSA MNPs was 180+2.2 nm. To assess the 
stability of the nanoparticles, the hydrodynamic size of 
the FA-DOX-BSA MNPs was analyzed by dynamic light 
scattering. The hydrodynamic sizes did not change signifi- 
cantly over 24 hours in phosphate -buffered saline or RPMI 
1640 medium supplemented with 10% fetal bovine serum 
(Figure 2B). In addition, the nanoparticles showed limited 




■ . 



-■- FA-DOX-BSA MNP in 1640 medium 
* FA-DOX-BSA MNP in PBS 
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Figure 2 (A) Analysis of nanoparticle size and size distribution by dynamic light scattering. The main size distribution is 1 50 nm-l 72 nm. (B) Hydrodynamic size of FA-DOX- 
BSA MNP by dynamic light scattering in PBS or RPMI 1 640 medium supplemented with 10% fetal bovine serum. 

Abbreviations: FA, folic acid; DOX, doxorubicin; BSA, bovine serum albumin; MNPs, magnetic nanoparticles; PBS, phosphate-buffered saline; RPMI, Roswell Park Memorial 
Institute. 
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(< 10%) variation in hydrodynamic size after 3 weeks of stor- 
age in phosphate-buffered saline at 4°C, indicating excellent 
stability in aqueous medium. 

Iron content, SAR and increasing-temperature tests 

When the iron concentration was 0-1 00 |ig/mL, the regression 
equation was 7=0.004 17X+0.0 1099, ^=0.9997, where Xand 
Fare the OD values and iron concentration, respectively. The 
iron content was 2.2 mg/mL. The SAR value for FA-DOX- 
BSA MNPs was 60+2. 1 w/g. This result is consistent with that 
obtained for Fe 3 0 4 alone (59.7+3.2 w/g). When the alternating 
magnetic field intensity was fixed, a perfect correlation between 
the heating ability of the FA-DOX-BSA MNPs and iron content 
was obtained, ie, the greater the iron concentration, the greater 
the increase in temperature. The heating curves for the various 
iron concentrations were similar: during the first 30 minutes, 
the temperature of the sample increased rapidly, and then only 
slightly between 30 and 35 minutes. After 35 minutes, the 
temperature remained constant (Figure 3). The 0.375 mg/mL 
solution could reach a temperature of 43 °C (effective treatment 
temperature is 41°C^4°C) and the temperature could remain 
stable. Therefore, 0.375 mg/mL was selected for follow-on 
magnetic fluid hyperthermia in our experiment. 

Drug encapsulation efficiency, drug loading 
efficiency and drug release 

We used bovine serum albumin nanospheres containing Fe 3 0 4 
and doxorubicin encapsulated by a direct drug-loading pro- 
cess. For direct drug-loading, bovine serum albumin solution 
was prepared and doxorubicin and Fe 3 0 4 were mixed into it; 



ethanol was then added dropwise in a continuous manner. 
Drug encapsulation efficiency and drug loading efficiency of 
nanoparticles are crucial for their clinical application. In our 
study, we found a favorable drug encapsulation efficiency, 
drug loading efficiency, and drug release time. Drug load- 
ing efficiency was -4% and drug encapsulation efficiency 
was -80%. Release of doxorubicin from the samples was 
determined by ultraviolet spectrophotometry, and the cumu- 
lative release at various time points in three pH solutions 
(pH 5.4, 7.4, 9.0) was calculated (Figure 4). Cumulative release 
of FA-DOX-BSA MNPs at 72 hours in pH 7.4 solutions was 
less than 6%. However, it had significantly increased in a weak 
acid medium, with a cumulative release rate of 78.3%. The 
magnetic nanoparticles were very stable at neutral and alkaline 
pH. No significant difference in cumulative release rate was 
observed in the presence of heating. The pH values in tumor 
tissues and lysosome were slightly acidic. With the magnetic 
nanoparticles inside the cancer cells, doxorubicin would 
release from it. However, when the magnetic nanoparticles in 
normal tissues, the doxorubicin would not release. This result 
confirmed that bovine serum albumin could carry anticancer 
drugs, which would be stable in blood during in vivo circula- 
tion and be released quickly after being selectively taken up by 
tumor tissue. Better release properties help chemotherapy drugs 
to have a stronger inhibitory and killing effect on cancer cells, 
which may improve patient acceptance and compliance. 

Surface functional groups 

Ultraviolet-visible near-infrared spectrophotometry was 
used to confirm the binding of folic acid to bovine serum 
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albumin. The ultraviolet spectra for FA-NHS, DOX-BSA 
MNPs, and FA-DOX-BSA MNPs are shown in Figure 5. 
An absorption maximum for FA-NHS of 250-300 nm was 
detected by ultraviolet- visible near-infrared spectrophotom- 
etry. The absorption peak of FA-DOX-BSA MNPs at 286 
nm clearly indicated successful contact between folic acid 
and DOX-BSA MNPs. 

Antitumor effects of FA-DOX-BSA 
MNPs in vitro 

MTT 

For this study, KB cells were heated to a defined tempera- 
ture (43 °C) on the heating coil of a high-frequency induction 
heater (f =200 kHz; I =20 A) for 60 minutes. The antitumor 
effect on KB cells was determined by measuring the cell 
IR by MTT assay after 48 hours of drug treatment. As 
depicted in Table 1, the cell IRs for the DOX-BSA NP and 
DOX-BSA MNP groups were 22.50% and 25.20%, respec- 
tively. After using FA-DOX-BSA MNPs containing the 
same drug concentration, the cell IR increased to 43.15%. 
Thus, FA-DOX-BSA MNPs was effective in terms of inhib- 
iting KB cell growth (P<0.05). Additionally, placement of 
the BSA MNP, DOX-BSA MNP, and FA-DOX-BSA MNP 



groups in an alternating magnetic field (f =200 kHz; I =20 A) 
for one hour of heating resulted in an increase in cell IRs 
to 47.84%, 74.06%, and 97.79%, respectively, indicating 
that heating itself inhibits KB cell growth. Cell viability in 
the negative control group, the negative control group with 
heating, and the BSA MNP group with no heating was not 
affected. These results suggest that FA-DOX-BSA MNPs 
have enhanced antitumor efficacy. When combined with 
hyperthermia, FA-DOX-BSA MNPs were more effec- 
tive in terms of inhibiting cell proliferation than the other 
groups. 

Apoptosis assay 

The number of apoptotic KB cells after 48 hours of incubation 
is shown in Figure 6. Apoptosis and necrosis can be found in 
all treatment groups, and the apoptosis take up a big propor- 
tion. It showed that the main function of our therapy was to 
induce apoptosis of KB cells in vitro. The function of hyper- 
thermia at temperatures ranging from 42°C to 45 °C is to cause 
inhibition of cellular enzymes and cell damage largely through 
the process of apoptosis. 29 30 Using our therapy, the magnetic 
nanoparticle hyperthermia groups induced apoptosis even 
in the absence of doxorubicin. Induction of apoptosis after 
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Figure 6 Apoptotic cell contents as determined by flow cytometry. 

Notes: Apoptosis existed in every treatment group. Fluorescence percentage is included in the flow cytometer scatter diagrams. 

Abbreviations: FA, folic acid; DOX, doxorubicin; BSA, bovine serum albumin; MNPs, magnetic nanoparticles; NPs, nanoparticles; PI, propidium iodide. 
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Table 1 Inhibition rate for nanoparticles against nasopharyngeal carcinoma KB cells 


Group 


Optics.! density (mean i SD, n — 6) 


Inhibition rate* (%\ 


a) Negative control 


1 .087+0.0 1 1 abc 


0 


b) DOX-BSA NP 


0.842+0.0 1 1 a 


22.50+1.2 


\ rs/>\/ r\ C A KAK 111 

c) DOX-BSA MNP 


0.8 1 3±0.0 1 0 a 


25.20+1.0 


r\\ FA DDY RQA MMP 
Q) rn-UUA-Don 1 II N r 


f\ L 1 Q4-f\ f\ 1 Qa,b 

U.o 1 o±U.U 1 7 ' 


A "3 1 C-l-T 1 

^J. 1 b±l. 1 


e) BSA MNP with heating 


0.567+0.02 l ab 


47.84+0.99 


f) DOX-BSA MNP with heating 


0.282+0.0 12 ab 


74.06+3.01 


g) FA-DOX-BSA MNP with heating 


0.024+0.01 l ab 


97.79±l.45 


h) Negative control with heating 


l.083±0.022 c 


0.37+0.08 


i) BSA MNP with no heating 


I.08I±0.0I5 C 


0.55+0.02 



Notes: a P<0.05, comparison of experimental groups with the negative control group; b P<0.05, comparison of group (g) with group (d), (e), and (f); C P>0.05, comparison of 
groups (h) and (i) with negative control group. 

Abbreviations: DOX, doxorubicin; BSA, bovine serum albumin; NPs, nanospheres; MNPs, magnetic iron oxide nanospheres; SD, standard deviation; FA, folic acid. 



treatment with doxorubicin magnetic nanoparticles combined 
with hyperthermia was considerably greater than in the doxo- 
rubicin nanoparticle and magnetic nanoparticle hyperthermia 
groups (P<0.05). This means that hyperthermia had a positive 
impact on the effect of chemotherapy. Additionally, FA-DOX 
MNPs combined with hyperthermia induced apoptosis more 
rapidly than did nontargeted magnetic nanoparticles at an 
identical doxorubicin concentration (,P<0.05). Therefore, 
a combined therapy mode could achieve a higher rate of 
apoptosis in NPC KB cells than chemotherapy alone. The 
percentages of apoptotic cells after treatment with DOX-BSA 
NPs, DOX-BSA MNPs, FA-DOX-BSA MNPs, BSA MNPs 
with heating, DOX-BSA MNPs with heating, FA-DOX- 
BSA MNPs with heating, the negative control with heat- 
ing, and BSA MNPs with no heating were 23.68%±3.01%, 
26.24%±2.94%, 43.87%±3.92%, 48.33%±2.01 %, 
77.32%±6.67%, 96.24%±2.81%, 0.84%±2.1% and 
1.01%±0.25%, respectively (Table 2). These findings are 
consistent with the MTT data shown in Table 1 . 



Table 2 Apoptotic cell contents 


as determined by flow cytometry 


Group 


Apoptotic cells (%) 




(mean ± SD, n=6) 


a) Negative control 


Qa,c 


b) DOX-BSA NP 


23.68±3.0l a 


c) DOX-BSA MNP 


26.24±2.94 a 


d) FA-DOX-BSA MNP 


43.87±3.92 ab 


e) BSA MNP with heating 


48.33+2.0 l ab 


f) DOX-BSA MNP with heating 


77.32±6.67 ab 


g) FA-DOX-BSA MNP with heating 


96.24±2.8l ab 


h) Negative control with heating 


0.84±2.l c 


i) BSA MNP with no heating 


l.0l±0.25 c 



Notes: Comparison of experimental groups with negative control group, P<0.05; 
•"Comparison of group (g) with group (d), (e), and (f) P<0.05; C P>0.05, comparison 
of groups (h) and (i) with negative control group. 

Abbreviations: DOX, doxorubicin; BSA, bovine serum albumin; NPs, nanospheres; 
MNPs, magnetic iron oxide nanospheres; SD, standard deviation; FA, folic acid. 



Antitumor effect of FA-DOX-BSA MNPs in vivo 

We determined the effect of FA-DOX-BSA MNPs on 
NPC tumor growth by calculating the changes in tumor 
volume and weight and by hematoxylin-eosin staining. 
During this process, the temperature inside a tumor can 
reach 41°C-44°C. Hemorrhage, necrosis, and eschar were 
evident throughout treatment, and hyperthermia-treated 
and thermochemotherapy- treated gray-white tumor tis- 
sue showed a dark brown color at the end of the treatment 
cycle. No such finding was evident in the control and che- 
motherapy only groups. Tumor volume and weight IRs are 
shown in Table 3. Consistent with our previous in vitro find- 
ings, FA-DOX-BSA MNPs combined with hyperthermia 
yielded significantly higher inhibition rates than the other 
groups (P<0.05). Specifically, the folic acid-targeted and 
nonheated groups exhibited decreased tumor volume and 
weight, respectively, from 0% with each pretreatment to 
83.0% and 60.6%, respectively, at 1 week post-treatment. 
By contrast, the heat-treated, folic acid-targeted groups 
showed inhibition rates of 97. 1% and 77.32%, respectively, 
over the same period. Hematoxylin-eosin staining revealed 
that tumor cells proliferated actively in the control group, 
with a low degree of differentiation (Figure 7). However, 
in the thermal therapy groups, some tumor tissues showed 
obvious necrosis and hemorrhage, particularly in the folic 
acid-targeted groups, where the tumor structures were 
completely destroyed and the tumor cells were irregularly 
shaped. The most intense inflammatory reaction and infiltra- 
tion by inflammatory cells were also found in the thermal 
therapy groups. Brown iron was deposited in the tumors in 
the heated groups. These findings suggested that folic acid- 
targeted hyperthermia combined with chemotherapy could 
kill tumor cells. Taken together, these data demonstrate 
that administration of FA-DOX-BSA MNP is an effective 
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Table 3 Inhibition rate of tumor volume and tumor weight 


Group 


Tumor volume (mm 3 ), 


Tumor mass (g) 


ID ~f ..^1. .-^-.^ /o/\ 

ik ot volume y/o) 


ID «f U f«!<.l>^ /o/\ 

IK Ot weight y/o) 




(mezin i SD, n— 6) 


(mezin i SD, n— 6) 






a) Negative control 


0.524+0.03 ab 


0.657+0.038 3 


0 


0 


D ) U\J/K-oof\ IN r 


U.i/o+U.UVo 


U.b4/+U.Ubo 


47 4 


1 A 7 
I o./ 


c) DOX-BSA MNP 


0.3I2+0.224 3 


0.549±0.045 a 


40.4 


16.4 


d) FA-DOX-BSA MNP 


0.089±0.046 a 


0.259+0.057 ab 


83.0 


60.6 


e) BSA MNP with heating 


0.I32+0.039 3 


0.462+0.08 l a 


74.8 


29.7 


f) DOX-BSA MNP with heating 


0.049+0.0 15 a 


0.362+0.073 ab 


90.6 


44.9 


g) FA-DOX-BSA MNP with heating 


O.OI5+0.006 ab 


O.I5l+0.038 ab 


97.1 


77.0 



Notes: Comparison of experimental groups with negative control group, P<0.05; Comparison of FA-DOX-BSA MNP group that was heated under an alternating magnetic 
field with the other groups, P<0.05. 

Abbreviations: IR, inhibition rate; DOX, doxorubicin; BSA, bovine serum albumin; NPs, nanospheres; MNPs, magnetic iron oxide nanospheres; FA, folic acid; SD, standard 
deviation. 




Figure 7 Histopathological changes in NPC xenograft tumors (stained with hematoxylin-eosin, 40x). 

Notes: (A) Negative control group. (B) DOX-BSA NP group. Inflammation can be observed in the tissues. (C) BSA MNP group with heating. A large amount of inflammatory 
cell infiltration and some spotty necrosis were noted. Brown magnetic materials were deposited in the tissue. (D) DOX-BSA MNP group with heating. Similar to (C), brown 
magnetic materials, inflammatory cell infiltration, and spotty necrosis are seen in the tissue and cells, albeit to a greater degree. (E) FA-DOX-BSA MNP group with heating. 
The effect in this group was the most different compared with the other groups. Massive necrosis with marked cell disintegration is evident throughout the image. 
Abbreviations: T, tumor tissue; N, necrosis; M, materials of Fe 3 0 4 ; FA, folic acid; DOX, doxorubicin; BSA, bovine serum albumin; MNP, magnetic nanoparticles; NP, 
nanoparticles; NPC, nasopharyngeal carcinoma. 
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method for tumor chemotherapy. Heating combined with 
chemotherapy had the most significant effect on tumors. 

FA-DOX-BSA MNPs combined with hyperthermia 
therapy had a significantly greater effect on average tumor 
volume and weight than either non-FA-DOX-BSA MNPs 
or chemotherapy alone. In contrast, histopathological evalu- 
ation indicated that tumor structures in the FA-DOX-BSA 
MNP group were destroyed more completely than those in 
the non-FA-DOX-BSA MNP group. It is likely that the fol- 
lowing mechanisms are involved: 

1. Hyperthermia as an effective treatment modality to 
augment chemotherapy-based anticancer treatments. 
Hyperthermia in combination chemotherapy can not 
only increase the drug concentration in tumor cells but 
also reduce the toxic effects to normal tissue and prevent 
the development of drug resistance. Clinical tests have 
shown that hyperthermia combined with chemotherapy 
has increased efficacy against tumors such as high-grade 
soft tissue sarcomas. 31 In our experiment, when combined 
with hyperthermia therapy, FA-DOX-BSA MNPs had a 
greater effect on cell viability and inhibited NPC cells 
significantly (a four-fold increase in cytotoxicity versus 
DOX-BSA MNPs). 

2 . Fe 3 0 4 has a short half-life and no specific tumor-targeting 
effect, which limits its application in tumor therapy. 
In our study, we incorporated Fe 3 0 4 into BSA NPs to 
avoid them being taken up by reticuloendothelial cells 
and removed by macrophages. BSA NPs with a smaller 
size (50-300 nm) compared with microparticles are easily 
prepared and could be widely accepted in the pharma- 
ceutical industry. 

3. Tumor cells have a unique ability to absorb magnetic 
nanoparticles (8^00-fold more than normal cells) and 
distribute them in daughter cells uniformly, making them 
highly susceptible to magnetic fluid hyperthermia and 
avoiding damage to normal tissues. 32 

4. FA-DOX-BSA MNPs showed a two-fold increase in 
cytotoxicity compared with nontargeted nanoparticles. 
Active targeting of folic acid is a promising approach via 

which a drug delivery system can reach and penetrate into 
tumor cells with overexpression of folate receptors on their 
surface, and then release its encapsulated therapeutic agent 
in a controlled and sustained manner. FA-BSA MNPs had 
less in vitro toxicity and higher antitumor activity. Inhibition 
of in vivo tumor growth demonstrated that these carriers 
have excellent antitumor activity and induce a high rate of 
apoptosis in cancer cells. 



Conclusion 

Several recent studies have investigated the synthesis of folic 
acid-targeted albumin nanoparticles to avoid the side effects 
of antitumor drugs and improve tumor- targeted drug delivery 
to improve the treatment of tumors. However, FA-DOX-BSA 
MNPs targeting NPC are rarely used. In this study, we suc- 
cessfully synthesized FA-DOX-BSA MNPs as nanocarriers, 
and achieved thermotherapy, chemotherapy, and targeted 
therapeutic effects against NPC. However, further studies 
must be performed to optimize this therapy for clinical use 
and determine whether it can be used to treat other tumors. 
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